ABSTRACT: Rhizoid of Laminaria japonica was hydrolyzed with proteases and carbohydrases to obtain antioxidant materials. Oxygen radical absorbance capacity (ORAC) of the enzymatic extracts was evaluated and the Protamex extract (PE) exhibited the highest ORAC value. PE also potently scavenged 2,2-diphenyl-1-picrylhydrazyl radical, 2,2'-azino-bis(3-ethylbenzthiazoline-6-sulphonic) acid cation radical, and hydrogen peroxide (H2O2) and had good reducing power. PE inhibited hydroxyl radical-induced DNA scission by measuring the conversion of supercoiled pBR322 plasmid DNA to the open circular form. The cytoprotective effect of PE against H2O2-induced hepatic cell damage was also investigated. PE showed a dose-dependent cytoprotective effect in cultured hepatocytes by inhibiting intracellular reactive oxygen species scavenging activity. In addition, PE up-regulated the expression of heme oxygenase-1, which is a cytoprotective enzyme, by activating translocation of nuclear factor-erythroid 2-related factor 2. Taken together, the enzymatic extract of rhizoid of L. japonica, particularly PE, may be useful for antioxidant additives.
INTRODUCTION
Dietary antioxidants from natural bioresources can prevent oxidative stress-induced cellular damage and/or preserve food systems by retarding lipid peroxidation. Accumulating evidence demonstrate that reactive oxygen species (ROS), including hydroxyl radical, superoxide anion, and hydrogen peroxide (H 2 O 2 ), are involved in the development of human diseases through inflicting structural changes of fatty acids, proteins, and DNA as well as cellular components (1, 2) . Endogenous antioxidant molecules play key roles in preventing cellular damage from oxidative stress caused by ROS. However, the capacity of the antioxidant defense system may be altered with the progression of aging and other factors, including environmental pollutants, high fat diets, and pathological conditions (3) . Thus, supplementation of exogenous antioxidants has been recognized as an alternative way to promote human health through suppressing ROS.
Laminaria japonica is widely cultured and consumed in Korea, China, and Japan. It has been used as folk remedy in Korea to promote health. Recently, L. japonica has attracted much attention as a biologically active material or nutraceutical due to its versatile bioactivities, including antibacterial, anti-inflammatory, antioxidant, and immunomodulatory activities (4) (5) (6) (7) . Polysaccharides and sulfated polysaccharides are representative bioactive molecules in L. japonica. In addition, enzymatic extract and fermented L. japonica also have antioxidant activities both in vitro and in vivo (8, 9) . All the observed bioactivities and molecules are from the edible parts of L. japonica. There is scanty information regarding the bioactivities of rhizoid of L. japonica because it is normally discarded as a processing waste. There have been several attempts in the production of value-added products from under-utilized biomass. One of the well-characterized approaches is enzymatic hydrolysis without any nutritional changes and byproduct production (10) (11) (12) . Due to enzyme specificity, an enzymatic reaction allows the production of various products with different structure, size, and composition and the products may show versatile bioactivities.
Therefore, the objective of this study was to extract potential antioxidants from rhizoid of L. japonica through enzymatic hydrolysis using proteases and carbohydrases. The antioxidant and cytoprotective effects of the extracts were then investigated. Amino acid analysis A 50 mg sample was hydrolyzed with 6.0 N HCl in a vacuum-sealed ampoule at 110 o C for 24 h. After removing HCl from the hydrolyzed sample on a rotary evaporator, the sample was resuspended in 10 mL of 0.2 M sodium citrate buffer (pH 2.2). Amino acids were determined with a Biochrom 20 amino acid analyzer (Biochrom Ltd., Cambridge, UK) using a single ion-exchange resin column (4.0×150 mm) with ninhydrin as the color reactant.
MATERIALS AND METHODS
Preparation of enzymatic extracts from rhizoid of L. japonica The pulverized powder of rhizoid of L. japonica was subjected to extraction. Briefly, 60 mL distilled water was added to 1 g of rhizoid of L. japonica followed by the addition of 20 mg of each enzyme. The enzyme-assisted extraction was performed for 8 h at an optimum temperature and pH for each enzyme: AMG, 60 Oxygen radical absorbance capacity (ORAC) assay ORAC values of the enzymatic extracts were measured according to the method of Zulueta et al. (15) with slight modifications. Briefly, the enzymatic extract was dissolved in sodium phosphate buffer (75 mM, pH 7.0) and 50 μL of enzymatic extract was mixed with 50 μL of fluorescein (78 nM) in a 96-well microplate followed by incubation at 37 o C for 15 min. Fluorescence was recorded every 5 min for 60 min after addition of 25 μL of 2,2'-azobis(2-amidinopropane) dihydrochloride (221 mM) at excitation wavelength of 485 nm and emission wavelength of 582 nm. A standard curve was prepared using Trolox (1∼20 μM). ORAC values were expressed as μM Trolox equivalent (TE)/mg sample.
DPPH scavenging activity DPPH scavenging activity was measured according to a published method (14) . Briefly, 70 μL of enzymatic extract was mixed with 70 μL of DPPH solution (1.5×10 −4 M in MeOH) and the mixture was allowed to stand for 30 min in a dark room. The absorbance was measured at 517 nm.
ABTS
+ radical scavenging activity ABTS + radical stock solution was prepared by incubating 7 mM ABTS and 2.4 mM potassium persulfate for 16 h in the dark (16) . Prior to the experiment, the stock solution was diluted to a working solution to reach an absorbance of 1.50±0.05 at 414 nm. A 50 μL enzymatic extract was mixed with 150 μL of the working solution and incubated at room temperature for 10 min. Absorbance was then measured at a wavelength of 414 nm. Reducing power A 200 μL enzymatic extract was mixed with 300 μL of sodium phosphate buffer (0.1 M, pH 6.6) and 500 μL of potassium ferricyanide (1% w/v) followed by incubation at 50 o C for 20 min. After adding 500 μL of trichloroacetic acid, 100 μL of the upper layer was transferred to a test tube followed by the addition of 100 μL of distilled water and 20 μL of FeCl 3 (0.1% w/v). The absorbance was then measured at a wavelength of 700 nm.
Protection of enzymatic extracts against oxidative stress-induced DNA damage in vitro The protection ability of the enzymatic extract against hydroxyl radical-induced DNA damage in vitro was investigated according to the method of Yeung et al. (18) with slight modifications. Briefly, a reaction mixture containing 0.5 μg of pBR322 DNA, 2 mM FeSO 4 , and enzymatic extract (62.5∼500 μg/mL) was prepared in an Eppendorf tube with final volume of 12 μL. The mixture was incubated at 37 o C for 30 min after adding 4 μL of H 2 O 2 (10 mM). The mixture was subjected to 0.8% agarose gel electrophoresis. DNA bands were visualized by staining with ethidium bromide.
Cell culture Human hepatocytes (Chang liver cells, ATCC
Ⓡ CCL-13 TM , American Type Culture Collection, Manassas, VA, USA) were cultured in DMEM supplemented with 10% fetal bovine serum, 100 U/mL penicillin, and 100 μg/mL streptomycin. Cultures were maintained at 37 o C in a humidified incubator with 5% CO2.
Cytotoxic and protective effect of enzymatic extract against H2O2-induced hepatocyte damage Cytotoxicity of the enzymatic extract was evaluated using the MTT assay. Hepatocytes (1×10 4 cells/well) were seeded into a 96-well cell culture plate for 24 h followed by incubation with the enzymatic extract for another 24 h. Then, 100 μL of MTT (1 mg/mL) was added into each well of the 96-well plate after aspiring the cultured medium. The plate was incubated at 37 o C for 4 h. Then 100 μL of DMSO was added into each well of the 96-well plate in order to dissolve the formazan crystals. The absorbance was measured at a wavelength of 540 nm. To evaluate the protective effect of the enzymatic extract against H2O2-induced hepatocyte damage, hepatocytes were pretreated with the enzymatic extract (0.0625∼0.5 mg/mL) for 2 h. After washing three times with phosphate buffered saline, cells were exposed to 650 μM H2O2. After 24 h of incubation at 37 o C, the MTT assay was performed as described above. Western blot analysis Whole cell lysates were prepared using radioimmunoprecipitation assay buffer (Sigma Chemical Co., St. Louis, MO, USA) containing protease inhibitor. Proteins were separated by 10% SDS-PAGE and transferred onto nitrocellulose membrane. After blocking with 5% skim milk, the nitrocellulose membrane was incubated with primary antibody [1:1,000 for heme oxygenase-1 (HO-1) and 1: 500 for nuclear factor-erythroid 2-related factor 2 (Nrf2)] overnight at 4 o C. The membrane was washed and incubated with the horseradish peroxidase-secondary antibody for 2 h and the protein band was visualized using an enhanced chemiluminescence western blotting detection kit (Pierce Biotechnology, Rockford, IL, USA). Protein levels were normalized to the level of β-actin or lamin B.
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Statistics
All results were expressed as mean±standard deviation (SD) (n=3). Differences between means of each group were assessed by one-way analysis of variance followed by Duncan's test using Predictive Analytics SoftWare Statistics 19.0 software (SPSS Inc., Chicago, IL, USA). A Pvalue of less than 0.05 was considered statistically significant.
RESULTS AND DISCUSSION
Proximate composition and enzymatic extraction of rhizoid of L. japonica Before analysis of proximate composition, rhizoid of L. japonica was air-dried and protected against direct sunlight. The carbohydrate content in rhizoid of L. japonica was the highest (58.03±0.25 g/100 g), followed by ash content (20.33±0.05 g/100 g) and crude protein content (15.46±0.23 g/100 g). The high amount of ash in rhizoid of L. japonica was attributed to its absorption of inorganic salt in seawater (20) . Protein and carbohydrate contents in this study were similar to those in the edible parts of different seaweed species previously reported (21, 22) .
Enzymatic extraction using proteases and carbohy- drases can enhance the extraction yield of bioactive compounds (including polyphenols, peptides, and water soluble polysaccharides) from seaweeds. These biomaterials have shown potential health benefits with antioxidant, anticoagulant, anti-inflammatory, and antidiabetic effects (22) (23) (24) (25) (26) . Therefore, bioactive materials were extracted from rhizoid of L. japonica through the enzymatic reaction using five proteases and carbohydrases. Although the crude carbohydrate content in rhizoid of L. japonica was higher than the other contents, yields of carbohydrase extracts were not much higher than those of protease extracts. In particular, the yield of the pepsin extract was significantly higher than that of the other extracts.
Antioxidant activities of enzymatic extracts Antioxidant ability of a wide variety of foods have been tested using the ORAC assay (27, 28) . As shown in Fig.  1 , ORAC values of protease and carbohydrase extracts varied. ORAC values for carbohydrase extracts ranged from 267.49±5.30 to 285.09±4.80 μM TE/mg sample while those of protease extracts ranged from 212.75 ±1.32 to 421.98±3.11 μM TE/mg sample. Although the pepsin extract showed the highest yield, it had the lowest ORAC value. Overall, protease extracts had higher ORAC values than carbohydrase extracts. The Protamex extract (PE) had the highest ORAC value of 421.98±3.11 μM TE/mg sample. All extracts showed lower ORAC values compared to glutathione as a positive control. Extraction without enzymes were also carried out and they showed weak ORAC values (data not shown). Therefore, the PE was selected for further analysis of antioxidant capacities.
Various antioxidant assays including DPPH scavenging, ABTS + radical scavenging, H 2 O 2 scavenging, and reducing power have been used to reflect the hydrogen and/or electron donating capacity of antioxidant compounds (29) . Therefore, antioxidant capacities of PE which showed the highest ORAC value were tested using the above mentioned antioxidant assays. As shown in Fig. 2 , PE exhibited dose-dependent antioxidant capacities. At a concentration of 500 μg/mL, the DPPH scavenging, ABTS + radical scavenging, and H 2 O 2 scavenging capacities were 80.38±0.44%, 94.57±0.05%, and 74.10 ±1.26%, respectively. PE also showed potent reducing power (Fig. 2D) . Previous work has demonstrated that enzymatic extracts of the edible part of L. japonica exhibit potent antioxidant abilities, including DPPH scavenging, H 2 O 2 scavenging, and reducing power (8) . However, this is the first study reporting that enzymatic extracts from the rhizoid of L. japonica have potent antioxidant activities. The activities were higher than those of enzymatic extracts from L. japonica (8) .
Protection of PE against DNA strand breaks It is well known that the imbalance between antioxidant defense system and oxidants is involved in the development of some human diseases including cancer and neurodegenerative diseases (30) . Overproduction of ROS that causes oxidative DNA damage is responsible for the development of these diseases (31) . In this study, the ability of PE to protect against hydroxyl radical-induced DNA damage was further investigated. The supercoiled DNA form will become the open circular DNA form when exposed to hydroxyl radicals derived from the Fenton's reaction (18) . As shown in Fig. 3 , supercoiled DNA was completely converted to open circular DNA after incubation with Fenton's reagent. However, addition of PE to Fenton's reagent resulted in decreased conversion of supercoiled DNA to open circular DNA in a dose-dependent manner. Cytoprotective effect of PE against H 2 O 2 -induced hepatic cell damage Oxidative stress results in the development of liver diseases because the liver is a major organ attacked by ROS (32) . A number of risk factors such as alcohol, environmental pollutants, and drugs may be involved in oxidative liver damage, leading to severe liver diseases (32) . Interventions using dietary antioxidants and/or various antioxidative therapies have been proposed to prevent and treat liver diseases (33, 34) . In this study, 650 μM H2O2, which had been previously determined as the concentration for hepatic cell damage, was applied to promote oxidative stress in hepatocytes. Before determining the cytoprotective effect of PE, non-cytotoxic concentrations of PE were determined using the MTT assay. Treatment with PE stimulated hepatic cell proliferation in a dosedependent manner. A 1.5-fold increase in cell viability was observed in the group treated with 0.5 mg/mL of PE compared to the non-treated group (Fig. 4A) . As shown in Fig. 4B , H 2 O 2 treatment alone significantly decreased cell viability up to 63.50% compared to the blank group (without PE or H2O2). However, pretreatment with PE at 0.5 mg/mL dramatically increased cell viability up to 134.92%, indicating the cytoprotective ability of PE against H2O2-induced hepatic cell damage. As shown in Fig. 4C , pretreatment with PE significantly quenched intracellular ROS in a dose-dependent manner. The intracellular ROS scavenging ability of PE might be attributed to its cytoprotective effect. Effect of PE on HO-1 expression and Nrf2 translocation HO-1 is a phase II detoxifying enzyme that catalyzes the rate-limiting step in heme catabolism, producing carbon monoxide, birlirubin, and ferrous ion (35) . Many studies have reported that induction of HO-1 by chemopreventive compounds plays an important role in the cellular adaptive survival response to oxidative stress and other toxic insults (36, 37) . To elucidate the cytoprotective effect of PE against H 2 O 2 -induced hepatic cell damage, HO-1 induction was determined. As shown in Fig. 5A , pretreatment with PE significantly increased the induction of HO-1 compared to H 2 O 2 treatment alone. Many studies have demonstrated that phenolic compounds, bioactive peptides, and mucopolysaccharides have hepatic cell protective effects through up-regulating HO-1 induction (38) (39) (40) (41) .
Nrf2 is a transcription factor required for the expression of antioxidant/phase II detoxifying enzymes such as HO-1. Translocation of Nrf2 into the nucleus by dietary antioxidants is strongly involved in their cytoprotective effect against oxidative stress-mediated cell injury (42, 43) . Thus, Nrf2 translocation into the nucleus was evaluated after PE treatment. As shown in Fig. 5B , PE treatment increased Nrf2 translocation into the nucleus compared to H 2 O 2 treatment alone, indicating that PE up-regulated HO-1 expression through activating Nrf2 translocation.
Amino acid composition
Amino acid compositions of proteins and its peptides are major factors affecting their functionality and bioactivity. Amino acid compositions of rhizoid of L. japonica and its PE are summarized in Table 1 . Aspartic acid (Asp), glutamic acid (Glu), and histidine (His) were the most abundant amino acids in rhizoid of L. japonica whereas PE contained higher amounts of Asp, Glu, and leucine (Leu). 
